The value of the b-baryon polarization can be extracted from inclusive data at LEP with better than 10% precision based on current statistics. We present a new variable by which to measure the polarization, which is the ratio of the average electron energy to the average neutrino energy. This variable is both sensitive to polarization and insensitive to fragmentation uncertainties.
The problem of polarization transfer from the (heavy) quark produced in Z decay to the experimentally observed hadron has attracted considerable interest in the last two years [1, 2, 3, 4, 5, 6] . The b-quark coupling to the Z is -94% polarized according to the Standard Model. At LEP b-quarks are produced copiously in Z decays with an energy of ∼ 45 GeV.
Because the Λ b baryon, which accounts for roughly 10% of all b-hadrons, retains the initial b-quark spin if produced directly, one expects a highly polarized Λ b sample. Because higher mass b-baryons will almost certainly decay strongly to Λ b π [7] , possibly with large depolarization [4] , some polarization information will very likely be lost.
In a naive spin counting model, the Λ and Σ baryons have approximately equal probability of formation [8] , with higher mass states being less likely. Thus a 47-94% polarization of the Λ b can be reasonably expected at LEP. A measurement of polarization will tell us the degree of fragmentation into states which retain the b-quark polarization relative to those which do not.
Three predictions for exclusive Λ b decays have been published [1, 2, 3] . However, b-baryons are best observed inclusively at LEP [9] , via an excess of jets containing a hard lepton and a charge-correlated Λ s , the latter tagging the cascade weak decay of the baryon.
Previous suggestions to measure polarization using inclusive semileptonic Λ b decay [6] would utilize only the electron spectrum and were not sufficiently sensitive to polarization. Furthermore, fragmentation uncertainties could compromise the utility of the previous proposals.
Since there is abundant data (of order a few hundred tagged Λ b 's) to study, it is worthwhile investigating whether there exists a variable which is more sensitive to polarization. In this paper, we show that the variable y = E l / Eν optimizes sensitivity while being remarkably free of theoretical uncertainties.
Experimental cuts reject events with low-energy leptons and Λ s 's, and therefore reject most of the already scarce b-hadrons with a fractional energy less than 0.2 [9] . While this induces a tiny cut dependence, it helps in two ways. First, above 0.2, the perturbative depolarizing effects are very small, and fragmentation and decay are essentially decoupled, a fact we will use later. Second, the relativistic β from rest frame to laboratory is close to unity. The energy in the laboratory can be expressed as follows:
where p is the longitudinal momentum, and all starred quantities are in the rest frame.
The variable y which we propose is then
For an unpolarized particle,
Notice that this ratio is dependent only on the rest frame angular distributions. It is independent of the fragmentation. We measure sensitivity by the deviation from unity of the ratio of a fully polarized quantity to the unpolarized value. We will show that with this definition, the parameter y is about five times more sensitive to polarization than the average electron energy alone. The theoretical uncertainties are at the few percent level. These are the unknown ratio of the charm and beauty quark masses which we will see gives an effect of this order, and the deviations from the parton model, which are less than or of order a few percent. This is because [10, 11, 5] the inclusive differential distribution from semileptonic hadron decay (appropriately averaged) is equal to the parton model (free quark) prediction up to corrections of order (Λ QCD /m q ) 2 which should be no more than a few percent. Notice that by studying the inclusive spectrum and focusing on the lepton system, we do not have the uncertainties due to the poorly known Isgur-Wise function which one has in the study of exclusive decays [1, 2, 3] .
So the rate for
is proportional to (the p x here are 4-vectors)
where s b is the spin of the decaying b-quark and dΦ is the phase space factor. In the unpolarized case, the spin-dependent term goes to zero.
With the definitions
the inclusive differential decay distribution in the b-quark rest frame is
Here we have defined the angle of the charged lepton with respect to the direction opposite that of the spin in anticipation of the application to a decaying left handed b-quark, where this will be the boost direction. The inclusive neutrino differential decay distribution is predicted to be
The angle was defined with the same convention as that above. We study only average quantities. The distributions in the laboratory are greatly broadened by the fragmentation function and the b-hadron decay. It can be proven that the average of each observable is the most sensitive to small differences independent of the precise knowledge of the fragmentation function and decay. The average energies and longitudinal momenta in the fully polarized b-quark rest frame for 100% polarization (P = −1) are
The average energies are independent of polarization. The average longitudinal momenta go to zero in the unpolarized case. This formula is accurate up to corrections of order (Λ QCD /m q ) 2 and (m l /m q ) 2 . From this we can predict the value of y as a function of ǫ.
Comparing the four equations above, one can see that the lepton energy (in the laboratory frame) is about 7/3 times less sensitive to polarization than the neutrino energy. More important, y is about five times more sensitive than E l alone.
For the purpose of cross-checking the experimental distributions, we construct also a variable which, unlike y, is never singular event-by-event, and can be used to check against the experimental distributions, Fig. 1 shows the distributions for the y ′ variable. Note that the average of the variable y ′ is nonzero even in the unpolarized case. From the figure, we see that the realistic cases, Figs. 1b) and 1d), are not so well distinguished, other than by their average. The detailed form of the distribution can be useful however for distinguishing good from bad events.
Neutrinos can be used at LEP in heavy flavor analysis. If M 1 is the mass of the jet containing the neutrino, M 2 the mass of the recoiling jet, and E beam the beam energy, the neutrino energy is measured as
While this is valid only for neutrinos collinear with the jet, the formula above exhibits a resolution of 3 GeV [12] (entirely due to the jet energy resolution of the detector), which is substantially less than the neutrino energy spectrum (Fig. 2) , obtained from the most recent measurements of the b fragmentation at LEP. The y resolution is dominated by the neutrino energy resolution. Comparing 3 GeV with the neutrino energy spectrum yields an expected y resolution of (N is the number of events) where the small coefficient is a non trivial consequence of the independence of fragmentation and should allow a better than 10% error with the existing data.
Practically, it will be easier to take the difference or ratio between a bmeson sample and a b-baryon tagged sample, as this eliminates a plethora of systematics. The ratio and difference of the baryon and meson samples,
are well calibrated with respect to polarization
with K R = 0.66 ± 0.02 and K D = 0.75 ± 0.03, for ǫ ranging between 0.06 and 0.14, and before cuts. The difference from 1 and 0 respectively is a direct measure of polarization. Neither QCD corrections, nor m c mass uncertainties (which enter in the error purely due to kinematics), nor the kinematical approximations used above contribute more than 0.02 to the calibration error.
As a cross check, we consider the average neutrino and lepton energies themselves rather than the ratio or difference. Here one can consider qualitative questions such as whether the spectrum of the leptons from baryons or mesons is harder. To address more quantitative questions one needs an accurate measurement of the baryon and meson fragmentation spectrum, since this affects the overall energy scale. Recall that the mean value of the hadron energy, z = E /E beam , factorizes into a perturbative and nonperturbative contribution, that is, z = z pert z nonpert (12) Of course the exact factorization is renormalization scale dependent. If one takes the renormalization scale to be of order the heavy quark mass, z nonpert is intrinsically nonperturbative, but for sufficiently large m q can be expanded as
where a > 0 depends on the hadron type [13, 14] . The first factor, z pert is independent of the hadron type and is determined by Altarelli-Parisi evolution, but z nonpert depends on hadron type. In principle, z nonpert for the different hadron types can differ by an amount of order Λ QCD /m q which could disguise polarization effects such as a difference between the lepton spectra in the two samples.
In principle, one can use perturbative QCD and the heavy quark expansion to predict the b-quark fragmentation parameters, but with fairly large QCD uncertainties [13, 14, 15] . However, one can use directly the measured fragmentation functions of b hadrons from LEP. This is justified because the mean z for the meson and baryon can be shown to be very nearly the same, based on the ARGUS charmed particle results [16] , just below B threshold, which are in agreement with preliminary results from CLEO [17] .
Within a 2.5% error, the ARGUS results indicate that the z of the D, D * and Λ c are the same. The measured value is about 0.65. Therefore,
Here we have taken the difference between c-meson and c-baryon mean z to be of order 2.5% and have taken the maximum perturbative contribution to be the value which is measured (since a is positive) which is approximately 0.65. Finally, we have scaled the nonperturbative correction by the ratio of quark masses, since we have measured c quark fragmentation but need to predict that for the b-quark. We conclude that a 2.5% agreement in the D system must translate conservatively into z B ≈ z Λ b at the percent level which is well within the theoretical uncertainty. With this result in hand, one can predict that the left handedness of the Λ b will manifest itself in a slightly higher E l and a substantially lower Eν compared to the meson sample, which is a useful cross check.
In conclusion, this paper has addressed the problem of observing polarization transfer in hadronic Z decays. It was found that sensitive, modelindependent variables can be extracted from the lepton-neutrino system. The fragmentation problem was solved in two different ways. Our proposed variable y is almost free of theoretical error and increases the sensitivity to polarization by at least a factor of five compared to previous proposals.
Once the b-polarization is measured, new information will be obtained about the relative fragmentation into the Σ b and Λ b baryons. Later, it should be possible to tackle c polarization, and both measurements together should provide information on the spin structure of QCD in the non-perturbative regime.
